ABSTRACT. We studied the among-and within-genus variability of UV protection in 23 mosses belonging to the genera Andreaea, Grimmia and Racomitrium, which were collected from sun-exposed rocks in northern and central Portugal mountains. We explored the influence of genus, species and environmental factors on their UVabsorption capacity, differentiating the soluble UV-absorbing compounds (SUVAC, mainly located in the vacuoles) and the insoluble ones (WUVAC, bound to the cell wall). All the physiological variables were significantly affected by both the genus and the species, which clearly reflects the influence of genetics on the levels and compartmentation of UV-absorbing compounds (UVAC). The physiological variables analyzed were also significantly influenced by both micro-(for example, substrate and orientation) and macro-scale (chain of mountains) variables. In addition, this study showed the interaction between genetics and the environmental factors known to enhance UV exposure (for example, higher altitudes and lower latitudes and slopes) on the level and compartmentation of UV-absorbing compounds.
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Beginning around 1970, a depletion of the stratospheric ozone layer has been recorded as a result of anthropogenic pollution of the atmosphere with chlorofluorocarbons (CFC). At northern mid-latitudes, losses in total ozone have been about 4% in winter/spring and 2% in summer/ autumn relative to 1980 (McKenzie et al. 2003 ). This has resulted in an increase in the amount of ultraviolet-B (UV-B) radiation received at the ground level. Ozone is expected to recover slowly over the decades ahead, but there is still some uncertainty about future UV radiation (McKenzie et al. 2007 ). UV radiation has many effects on photosynthetic organisms, which are highly dependent on wavelength. Most studies on the effects of UV radiation have dealt with UV-B (280-315 nm) and UV-A (315-400 nm), that penetrate the biosphere and can affect both individuals and ecosystems. Photosynthetic organisms have developed a variety of protection and acclimation mechanisms against the effects of UV radiation, such as UV-absorbing compounds, antioxidants and repairing systems of DNA and proteins (Martínez-Abaigar & Nú ñez-Olivera 2011).
UV radiation is presently understood not only as a damaging factor for photosynthetic organisms, but also as an important regulator of development (Hideg et al. 2013) .
Bryophytes have been for decades an essential group in the field of bioindication and have also become important in climate change research (Zechmeister et al. 2003) . However, in order to use bryophytes as bioindicators of UV radiation changes, their UV responses and protective systems against UV radiation, such as UV-absorption capacity, should be better characterized and evaluated (Martínez-Abaigar & Nú ñez-Olivera 2011). The UVabsorption capacity of such organisms is usually assessed by measuring the absorbance of methanolic extracts in a certain range within the UV band and then calculating the area under the absorbance curve (AUC). Another complementary approach is to analyze individual UV-absorbing compounds, mainly phenolics. Two classes of phenolics are generally searched for, hydroxycinnamic acids (e.g., p-coumaric and ferulic acids) and flavonoids (Dixon & Paiva 1995) . The simultaneous use of these techniques is preferred and, in both cases, the soluble fraction (mainly located in the vacuole) and the insoluble cell wall-bound fraction should be analyzed, since the UV absorbance values of the two fractions can represent different protection mechanisms (Clarke & Robinson 2008; Fabó n et al. 2010) .
In the context of UV research, bryophytes from Antarctic habitats, circumpolar heathlands and peatlands, and mountain streams, have mainly been studied (Björn 2007; . Important progress has been achieved, for example in assessing the influence of environmental factors (sun or shade conditions, water availability) on the responses of different species to UV radiation (Arró niz-Crespo et al. 2011; Nú ñez-Olivera et al. 2005) . However, further studies are needed to better understand both the responses and protective systems of bryophytes with respect to UV radiation .
Mountain ecosystems, especially at high altitudes, are expected to be particularly exposed to the effects of UV radiation. In particular, rock outcrops in the mountains are very important for bryophytes because of the reduced competition from vascular plants, providing a diversity of microhabitats with variable ecological conditions (Cornelissen et al. 2007 ). Limited work regarding UV radiation has been done with bryophytes from rocky habitats that are known to be desiccationtolerant and apparently well adapted to naturally high levels of UV radiation. Until now, the effects of UV have only been studied for two saxicolous species, belonging to Grimmia and Andreaea (Newsham 2003; Robinson et al. 2005; Turnbull et al. 2009 ).
Our aim was to study the variability of UV protection in 23 bryophytes belonging to three genera with a high number of sun-exposed saxicolous species (Andreaea, Grimmia and Racomitrium), and to assess differences due to the genera, species and environmental variables. Specifically, the objectives were: (1) to analyze the shape of the UV spectra of the species studied; (2) to calculate the bulk UV-absorption capacity of the species studied, as an estimation of their potential UV protection; we differentiated the UV-absorption due to two different cell compartments (vacuoles and cell walls), which can represent different modalities of UV protection; (3) to analyze individual UV-absorbing compounds in the species studied; and (4) to explore the influence of micro-and macro-scale environmental variables on both their bulk UV-absorption capacity and their individual compounds.
MATERIALS AND METHODS
Studied species and collection area. Twenty-three bryophyte species were used for this study, 5 of which belong to the Andreaea genus, 10 to Grimmia and 8 to Racomitrium. The species names and respective codes used in figures are provided in The study area, dominated by granitic bedrock, is located between latitudes 40.3u and 41.9u N and longitudes 7.6u and 8.3u W. The mean annual precipitation ranges from 1800 to 3200 mm, insolation from 1900 to 2600 hours per year, and the average annual mean temperature ranges from 5uC to 11uC. Rock outcrops are well represented in the study area, being surrounded by mesophytic to xerophytic heaths on siliceous and podsolic soils.
Samples were collected on 18-21 June 2011, in sunny weather. Bryophyte material was taken from 3 patches under similar conditions in each locality. We obtained the daily doses of UV-A, UV-B and biologically effective UV-B-UV-B BE : Plant Damage action spectrum following Caldwell (1971)-on the collection day for the sampling localities using the model of Engelsen and Kylling (2005) , but only UV-B BE values were used in this study, since these parameters were highly and significantly correlated. Data of UV-B BE , together with other macro-and micro-scale variables (longitude, latitude, altitude, substrate, slope, orientation and exposure), are shown in Table 1 .
Physiological measurements. Once collected, samples were immediately transported to the laboratory in a portable icebox. Healthy and clean apices were cut (approximately 1-cm long, depending on the specific species) and dried to constant weight (30uC for 2 h). If the samples were fructified, sporophytes were discarded and only the gametophytic part was used for analyses. Analyses were conducted in four replicates per species, except for Andreaea heinemannii subsp. crassifolia, for which three replicates were obtained.
The bulk level of UV-absorbing compounds (UVAC), indicative of the global UV absorption capacity of each species, was determined by spectrophotometry, and individual UVACs were measured by HPLC. In both cases, we differentiated methanol-soluble (mainly vacuolar) and methanol-insoluble cell wall-bound UVAC (respectively, SUVAC and WUVAC: Fabó n et al. 2010). For these analyses, 20-50 mg of dried shoot apices was frozen in liquid N 2 and ground in a TissueLyser (Qiagen, Hilden, Germany). Then, 2 mL of methanol:water:7M HCl (70:29:1 v/v/v) were added for extraction (24 h at 4uC in the dark). The extract was centrifuged at 6000 g for 15 min and the supernatant and pellet were considered the source of SUVAC and WUVAC, respectively. Absorbances of both fractions were measured between 250 and 400 nm using a spectrophotometer (Perkin-Elmer l35, UV/Vis, Wilton, CT, USA). In the supernatant, the bulk level of SUVAC per unit of dry mass (DM) was measured, as the area under the absorbance curve (AUC) in the intervals 280-315, 315-400 and 280-400, but only AUC 280-400 values were used in this study since these parameters were highly and significantly correlated, and thus they can be used interchangeably. The pellet remaining of the methanol extraction was hydrolyzed with 2 mL 1M NaOH for 3 h at 80uC, acidified to pH 1 with 7M HCl and extracted three times with ethyl acetate. After evaporation, the material was dissolved in methanol and the bulk level of WUVAC was spectrophotometrically measured in the same units previously described for the bulk level of SUVAC. In addition to the bulk levels of SUVAC and WUVAC, we calculated the sum of both fractions (Total UVAC: TUVAC) and the quotient between WUVAC and SUVAC. HPLC analyses (Agilent HP1100 HPLC system, Agilent Technologies, Palo Alto, CA, USA) were performed following Fabó n et al. (2010) . In brief, the different compounds were separated on a Hypersil ODS-C18 reversed phase column. The mobile phase consisted on two components: solvent A, acetic acid pH 2.4, and solvent B acetonitrile:methanol:water (v/v/v). For analysis, 90% A and 10% B were pumped during the first 10 min, followed by a linear gradient during the following 15 min until B reached 100% B, and then an isocratic elution with 100% B for a further 5 min period. The injection volume was 15 mL. The detection was carried out by an Agilent photodiode array detector at 324 nm (ref. 700 nm) and absorption spectra were recorded in the wavelength range between 200 and 500 nm. Several phenolic compounds (hydroxycinnamic acid derivatives and flavonoids) were tested, but only pcoumaric acid could be unequivocally identified and measured in the cell wall-bound fraction of Andreaea species. Concentrations of p-coumaric acid were expressed in nmol per unit of DM.
Statistical analysis. The effects of genus, species within genera and categories of chains of mountains, substrate, orientation and exposure on the physiological variables (SUVAC, WUVAC, TUVAC, WUVAC/ SUVAC and, only for Andreaea species, p-coumaric acid) were tested using the non-parametric Kruskal-Wallis test, since data did not meet the assumptions of normality and homocedasticity. Pairwise Mann-Whitney U tests allowed the identification of pairs of groups where these differences were significant. Correlations between the physiological and quantitative macro-and micro-scale environmental variables were calculated using Spearman correlation coefficients. All these statistical analyses were done using IBM SPSS Statistics 19.
A principal component analysis (PCA) was also conducted to explore possible relationships between samples of the studied species and the physiological and quantitative environmental variables. Orientation was classified into two components, north-south and eastwest, whereas exposure was codified into two categories: (fully) exposed and shaded (by rocks). The multivariate analysis was performed in CANOCO version 4.5 (ter Braak & Šmilauer 2002).
RESULTS
The shapes of the spectra obtained for the different species within each genus were rather constant and thus only one typical spectrum per genus is shown for each fraction (soluble and insoluble, Fig. 1) . Independently of the fraction, the three genera showed two peaks in the interval 250-400 nm. The two peaks were found between 260-270 and 340-360 nm, although in Andreaea these peaks were not so pronounced.
Numerical values of physiological variables are shown in (Fig. 2) . Racomitrium showed generally higher WUVAC and TUVAC values, while Andreaea and Grimmia tended to show lower ones. Finally, WUVAC/SUVAC was significantly different among the three genera, with Grimmia showing relatively high values, Andreaea low values, and Racomitrium intermediate values. Significant differences between species within Andreaea, Grimmia and Racomitrium genera for each physiological variable were also found (p , 0.001).
Only one individual compound, p-coumaric acid, could be identified, and it was located in the cell wallbound fraction of Andreaea samples, with values varying between 12.3 and 330.2 mg g 21 DM. The values of SUVAC, WUVAC, TUVAC and WUVAC/SUVAC were significantly affected by substrate and chain of mountains (p , 0.001). Significant differences between orientations for SUVAC, TUVAC and WUVAC/SUVAC were also found (at least p , 0.01). Exposure significantly influenced SUVAC (p , 0.01) and WUVAC/SUVAC (p , 0.05). SUVAC was significantly and positively correlated with altitude and UV-B BE (p , 0.001), and negatively with latitude (p , 0.001) and slope (p , 0.05). p-Coumaric acid showed the same correlations as SUVAC, although with lower significance levels (mostly p , 0.05). WUVAC/SUVAC was negatively correlated with altitude and UV-B BE and positively with latitude (p , 0.001). WUVAC and TUVAC were only correlated (negatively) with longitude (at least p , 0.01).
The relationships among environmental and physiological variables, which have been described above, were notably integrated in the PCA (Fig. 3) . In the PCA biplot generated with the scores of the first two components, which accounted for 56% of the total variance, the first axis was positively correlated with altitude, UV-B BE , SUVAC and longitude and negatively correlated with latitude and WUVAC/SUVAC. The second axis was positively correlated with TUVAC and WUVAC and negatively correlated with slope. Orientation components (N-S and E-W) and exposure showed low correlations with both axes. Three species typical of higher altitudes (Andreaea heinemannii subsp. heinemannii, Grimmia reflexidens and Racomitrium macounii), were clearly separated towards the positive part of the first axis, whereas the remaining species were intermingled along both axes. There was not a clear separation among the three genera in the PCA biplot, although Racomitrium species were almost completely segregated from Grimmia species along the second axis, in line with the generally higher WUVAC and TUVAC values in the former than in the latter.
DISCUSSION
Variability of the UV absorption spectra in saxicolous mosses. The shape of absorption spectra in the UV band varied little among the different genera and species studied, showing two more or less defined peaks both in the soluble and the insoluble fractions. These spectra shapes have frequently been found in mosses from other habitats, such as mountain streams, but contrast with those predominantly found in the soluble fraction of liverworts, which show only one more defined peak Influence of genetics on UV-absorption capacity in saxicolous mosses. SUVAC values in the studied species were similar to those found in other mosses (Arró niz- Crespo et al. 2004; Fabó n et al. 2012a; Otero et al. 2008) , whereas WUVAC values were relatively higher than those previously published, although it must be taken into account that WUVAC data are more scarce and only available for 5 species (Clarke & Robinson 2008; Fabó n et al. 2012a) . WUVAC/SUVAC values in the studied species were comparable to those found in other mosses, and clearly higher than those found in liverworts (Clarke & Robinson 2008; Fabó n et al. 2010; Fabó n et al. 2012b ). This suggests that liverworts and mosses have a different compartmentation of UVAC.
All the physiological variables studied (SUVAC, WUVAC, TUVAC and WUVAC/SUVAC) were significantly affected by both the genus and the species sampled. This clearly reflects the influence of genetics on the protection mechanisms against UV radiation and, in particular, on UVAC amounts and compartmentation. Differences among species belonging to different genera had previously been found (Arró niz- Crespo et al. 2004; Otero et al. 2008 ), but in this study we have also demonstrated differences both among genera and among species belonging to the same genus. These differences occurred although the species studied shared a similar type of habitat and, very frequently, a similar UV exposure. This suggests that UV-absorbing compounds are strongly constitutive in the mosses studied.
Influence of environmental factors on UV-absorption capacity in saxicolous mosses. The physiological variables analyzed were significantly influenced not only by genetic factors, but also by both micro-(for example, substrate and orientation) and macro-scale (chain of mountains) variables. Correlation analyses, KruskalWallis tests and PCA results showed that SUVAC was probably the physiological variable better correlated with environmental variables, given that it was positively correlated with UV-B BE and altitude, and negatively with latitude and slope. Altitude, latitude and slope are factors controlling the UV exposure of the samples, because it is known that UV exposure increases with increasing altitude and decreasing latitude (McKenzie et al. 2007) , and it also increases on less steep slopes because solar radiation is received more perpendicularly. The strong relationship between SUVAC and UV exposure is not surprising because SUVAC has repeatedly been pointed out as the fraction most UV-responsive in bryophytes In contrast to the SUVAC results, WUVAC was not correlated with any of the environmental variables determining UV exposure. This is consistent with the finding that WUVAC is a much less UV-responsive variable (Fabó n et al. 2010; Fabó n et al. 2012a ). This could be due to the fact that metabolite exchange is less dynamic in cell walls than in other cell compartments. However, the cell walls oriented to the light are exposed to ambient radiation even more than any other part of the leaf cells, and the metabolically and physically more rigid nature of the cell walls would favor long-term accumulation of compounds. p-Coumaric acid extracted from the cell wall-bound fraction of Andreaea samples was the only compound that could be unequivocally identified in the species studied, and it showed positive and significant correlations with both altitude and UV-B BE . This may be because p-coumaric acid (and its derivative p-coumaroylmalic acid) are highly responsive to both natural and enhanced levels of UV-B radiation, not only in bryophytes (Fabó n et al. 2010; Fabó n et al. 2012b ) but also in tracheophytes (Blokker et al. 2006; Lomax et al. 2008 ). Thus, these compounds have been proposed as biomarkers of the UV-B increase caused by stratospheric ozone depletion, and their presence and WUVAC/SUVAC was correlated with the environmental variables in a rather inverse way to that of SUVAC. This may be related to the fact that the variability of WUVAC/SUVAC is probably more affected by SUVAC than WUVAC. Since SUVAC is the denominator in the quotient between WUVAC and SUVAC, it would explain the inverse relation between WUVAC/SUVAC (quotient) and SUVAC (denominator). Finally, TUVAC was weakly related to environmental variables, because the major component of TUVAC in the species studied was WUVAC, and this last variable showed little correlation with environmental variables.
The significant and negative correlation of longitude with WUVAC and TUVAC was surprising and maybe spurious, because longitude itself does not influence the variability of the UV levels received by organisms in nature (Seckmeyer et al. 2008) . Thus, the effect of longitude seems to be related to that of altitude, because the highest sites were the most continental ones, being located more to the east than the rest of the study sites. Nevertheless, longitude was found to be correlated, although positively, with the concentrations of two individual methanol-soluble compounds in herbarium samples of the liverwort Jungermannia exsertifolia subsp. cordifolia (Otero et al. 2009 ). As in our case, the authors could not offer a convincing explanation for these correlations. The significant effects of substrate and chain of mountains on all the physiological variables measured (SUVAC, WUVAC, TUVAC and WUVAC/ SUVAC) could also be spurious, because the most eastern mountains are the most elevated and have an acidic substrate.
Interaction between environmental factors and genetics on UV-absorption capacity in saxicolous mosses. The ordination of species and genera in the PCA biplot reflected a complex interaction between the environmental factors and the genetically-influenced modalities of UV protection based on UVAC. Due to this complexity, a general ordination pattern was not easy to recognize. However, three mosses typical of higher altitudes, each one belonging to a different genus (Andreaea heinemannii subsp. heinemannii, Grimmia reflexidens and Racomitrium macounii), were clearly separated from the rest. This separation showed the interaction between genetics and the environmental factors known to enhance UV exposure (for example, higher altitudes and lower latitudes and slopes) on the level and compartmentation of UV-absorbing compounds. These species may therefore have more soluble and potentially inducible UVAC that could play a role in their acclimation to higher altitudes and their tolerance to concomitantly higher UV levels. Among the factors segregating these three species in the PCA, altitude was probably more important than latitude because of its wider gradient, which would lead to stronger differences in the UV levels received by the mosses than those caused by the more limited latitude gradient between the sites. In the remaining species, typical of lower altitudes, the role of UVAC would be less important.
Another relevant characteristic revealed by the PCA was the separation between the two genera belonging to the Grimmiaceae (Racomitrium and Grimmia) along the second axis. Although with a few exceptions, these two genera were differentiated on the basis of the generally higher WUVAC, TUVAC and (to a lesser extent) SUVAC values in Racomitrium than in Grimmia species. This would suggest a better UV protection in the former than in the latter. The second axis was not clearly related with any environmental variable, and thus the separation between both genera would be based on genetic factors.
Final remarks. The mosses studied here might have other mechanisms of UV tolerance alternative to UVAC accumulation, such as efficient DNA and oxidative damage repair systems and structural protection. For instance, many Grimmia and Racomitrium species have leaves with hyaline points that can protect them from UV. On the other hand, a direct relationship between UV tolerance and desiccation tolerance of the different species has been suggested in bryophytes (Turnbull et al. 2009 ). This could be true for Grimmia and Racomitrium species, since they are mostly considered desiccation-tolerant plants and are often used in studies of environmental stress tolerance (Proctor 2000 (Proctor , 2004 , whereas in Andreaea taxa, it seems that dark pigmentation helps protect the colonies from intense illumination in exposed habitats influenced by UV-B radiation (Newsham 2003) . More specific studies are needed to better understand the genetic and environmental factors responsible for the intergeneric and interspecific differences in UVAC already demonstrated here.
